Members of the ubiquitously expressed CLC protein family of chloride channels and transporters play important roles in regulating cellular chloride and pH. The CLCs that function as Cl 2 /H + antiporters, ClCs 3-7, are essential in particular for the acidification of endosomal compartments and protein degradation. These proteins are broadly expressed in the nervous system, and mutations that disrupt their expression are responsible for several human genetic diseases. Furthermore, knockout of ClC3 and ClC7 in the mouse result in the degeneration of the hippocampus and the retina. Despite this evidence of their importance in retinal function, the expression patterns of different CLC transporters in different retinal cell types are as yet undescribed. Previous work in our lab has shown that in chicken amacrine cells, internal Cl 2 can be dynamic. To determine whether CLCs have the potential to participate, we used PCR and immunohistochemical techniques to examine CLC transporter expression in the chicken retina. We observed a high level of variation in the retinal expression levels and patterns among the different CLC proteins examined. These findings, which represent the first systematic investigation of CLC transporter expression in the retina, support diverse functions for the different CLCs in this tissue.
Introduction
The distribution of Cl 2 across the plasma membrane is known to be tightly regulated, primarily by the activity of two Cl 2 cotransport proteins: the potassium/chloride co-transporter (KCC) and the sodium/potassium/chloride co-transporter (NKCC). These transport proteins are known to play a critical role in setting the equilibrium potential for Cl 2 by adjusting cytosolic Cl 2 concentrations and thus determining the sign (inhibitory or excitatory) of synaptic transmission mediated by GABA-or glycine-gated Cl 2 channels. Another group of Cl 2 transporters, the CLC transporters, also move Cl 2 across cellular membranes. A subset of these transporters (ClCs 3-7) are chiefly expressed on intracellular membranes (for review, see [1] ). The activity of these transporters also has the potential to affect Cl 2 distribution and may prove to be another important factor contributing to the dynamic nature of cytosolic Cl . Additionally, CLCs are thought to operate as dimers with both homo-and heterodimers observed in expression systems [9, 10] . While the biophysical properties of the vesicular CLCs are becoming clear, the functions of these transporters are less well understood. Endosomal compartments are typically acidic due to the presence of the V-type proton pump. This acidic environment can facilitate other transport mechanisms and provide optimal conditions for some enzyme functions. One proposed role for the internal CLCs is that they move Cl 2 into endosomes as a counter ion to relieve the steep membrane potential generated by the proton pumping [11] . The cost of this CLC-dependent Cl 2 transport, however, is the exchange for protons previously moved into the compartment by the ATP-dependent proton pump. The resolution of this dilemma may be emerging from recent studies utilizing mutations that convert ClCs 5 and 7 from Cl 2 /H + antiporters into pure Cl 2 conductors [12, 13] . The results of these studies imply that the primary function of some CLCs may be to concentrate Cl 2 in endosomal compartments. Another recent study provides evidence that ClC5 plays a direct role in endosomal acidification itself [2] . Thus the roles of the internal CLCs are just coming into focus and it is possible that their functions are diverse and may be dependent upon the specific cellular context in which they reside.
The expression of ClCs 3-7 varies among cell types, however, expression has been demonstrated for each of these transporters in neuronal tissues [14, 15, 16, 17, 18] . Within cells, however, their distribution differs with respect to their position in the endosomal pathway. ClC3 resides in mid to late endosomes and synaptic vesicles [19] . The localization of ClC4 is not completely resolved but it seems to be in endosomal rather than lysosomal compartments [1] . ClC5 is typically found in early endosomes [20] , and ClCs 6 and 7 in late endosomes and lysosomes [15, 17] . Knockout studies and mutational analyses have shed light on some of the physiological consequences of impaired CLC function. ClC5 is mutated in the human kidney disorder Dent's disease [21] , and ClC5 knockouts display impairments in the endocytic
PCR amplification
Expression of mRNAs coding for CLCs 3-7 was studied using the reverse transcription-polymerase chain reaction method. A mixed population of cultured chick retinal cells (embryonic equivalent day 15) was collected in 100 ml lysis buffer+5 ml of 0.1 mM stock dithiothreitol and 40 units (1 ml) of RNAase inhibitor (Invitrogen, Carlsbad, CA). Isolation of mRNA was performed using dynabeads mRNA DIRECT Micro kit (Invitrogen). cDNA synthesis and PCR amplification was conducted in a single tube using a one-step RT-PCR system which includes a Superscript III one-step RT-PCR mix consisting of both platinum Taq polymerase and reverse transcriptase (Invitrogen). Two sets of gene specific primers (Table 1) were designed for each CLC type and used at a 0.5 mM concentration in the PCR reaction mixture. Efficient cDNA synthesis was achieved with a 30 min incubation at 55uC for CLCs 3,4,5 and 7 and the same incubation time of 30 min at a temperature of 50uC for CLC-6. Amplification of the reversetranscribed cDNA was performed using a Bio-Rad C-1000 thermocycler (Hercules, CA). An initial denaturation was conducted at 94uC for 2 min. Forty cycles of PCR were carried out under the following conditions: Denaturing at 94uC for 15 s, annealing at 55uC (CLC-3, 4, 5, and 7) and 50uC (CLC-6) for 30 s and extension at 68uC for 1 min. A final extension was performed at 68uC for 5 min. The predicted sizes of the PCR products are listed in Table 1 . The PCR products were run on a 2% agarose gel and stained with ethidium bromide. The gel was visualized with the Bio-Rad gel documentation system. Specificity of PCR products was confirmed through sequencing analysis.
Western Blots
Adult White Leghorn chickens were sacrificed by intraperitoneal injection of sodium pentobarbital (250 mg/kg, SigmaAldrich, St. Louis, MO) followed by decapitation. Flash-frozen mouse and rat tissue was provided as a gift from Dr. Jacquelyn Stephens, Louisiana State University. Chicken, mouse, and rat brain tissue were homogenized in lysis buffer (2% Triton X-100, 300 mM NaCl, 20 mM Tris, 2 mM EDTA, 2 mM EGTA, 1% NP40) containing a cocktail of protease inhibitors (PMSF (1 mM), leupeptin, (5 mg/mL) aprotinin (2.5 mg/mL), 1,10 ortho-phenantrolin (0.2 mg/mL) and pepstatin (0.7 mg/mL)). Samples were spun CLC antibody specificity in tissue sections was assessed by comparing CLC antibody labeling of retinal sections with and without pre-incubation with their respective antigenic peptides. Antigenic peptides were pre-incubated with primary antibody for 1-2 hrs at room temperature, with antibody: peptide ratios of 1:1(ClC7), 1:5 (ClC4), and 1:10 (ClC5 and ClC6). Peptide exposed sections and non-peptide exposed sections were taken from the same retinae and were processed side by side.
IPL depth was determined by dividing the distance of immunoreactive bands from the INL/IPL border by the total width of the IPL as measured from its border with the INL to its border with the GCL, following the method of Fischer et al. [25] . All IPL depth measurements are based on averages of IPL depth from at least three retinae. Table 1 ). Transcripts for all CLC transporters examined were amplified and verified through sequencing of the PCR product, indicating that the mRNAs encoding these transporters are expressed in cultured chicken retinal cells ( Figure 1A ).
Results

CLC
CLC antibodies raised against mammalian targets specifically label chicken CLC proteins
To examine CLC expression in the chicken retina, commercially-available antibodies raised against mammalian ClCs 3-7 were obtained. Western blots of chicken brain and retina tissue were probed with these antibodies to assess their specificity for chicken CLCs (Table 2, Fig. 1B ). An antibody raised against a region of the rat ClC3 carboxy-terminus labeled a band near 160 kD in blots of chicken and rat brain protein (Fig. 1B) . The predicted molecular weight for ClC3 is 96 kD in chicken and 91 kD in rat. All internal CLC transporters are known to form both homo-and hetero-dimers in expression systems [9, 10, 27] . It is possible that the dominant band we observed in both species represents ClC3 dimers. An antibody specific for rat ClC4 revealed a band between 75 and 105 kD which is close to the predicted molecular weight of the chicken ClC4 protein (76 kD). Unfortunately, in our hands, blots of rat and mouse brain homogenates incubated with the same ClC4 antibody showed no reactivity (data not shown). Nonetheless the position of the band in chicken blots was in good agreement with that found in another study of mouse tissue using two different polyclonal antibodies to different regions of mammalian ClC4 protein [28] . Probing rat and chicken brain homogenates with ClC5 antibody revealed a band near 105 kD in the chicken and in between 75 kD and 
CLC transporter expression in adult chicken retina
To determine the distribution of CLC transporters in the avian retina, we used the polyclonal antibodies described above to label 
ClC3
The polyclonal antibody raised against ClC3 c-terminus gave minimal labeling in vertical sections of chicken retinal tissue. Comparison to a control section obtained with the same acquisition settings (secondary antibody only, Figure 3A) showed that ClC3 antibody labeling was barely above background levels and was mainly restricted to the nuclear layers of the retina, where cell bodies reside (Fig. 3B, H, and N) . A monoclonal antibody specific to a region of rat ClC3 n-terminus (identical to the chicken sequence) also minimally labeled chicken retina ( 
ClC5
Of all of the CLC antibodies examined in the adult chicken retina, the ClC5 had the broadest expression pattern. Similar to ClC4, the ClC5 antibody labeled tissue in all of the synaptic and nuclear layers of the adult chicken retina (Fig. 3D) . However, the intensity of the labeling was much greater than that of ClC4. ClC5 expression was widespread in both photoreceptor inner segments and the outer nuclear layer, and there was particularly intense labeling of the outer limiting membrane (OLM, Fig. 3D, arrow) . In the INL, the ClC5 labeling pattern was similar to that of ClC4, with more antibody signal in that layer concentrated in the inner half of the INL. As with anti-ClC4, ClC5 antibody labeled most cells in the GCL. ClC5 was expressed in the synaptic layers of the retina. ClC5 labeling was diffusely distributed throughout the OPL and was also found in scattered processes (Fig. 3J, arrowheads) . In the inner retina, some isolated, thin ClC5-positive processes were observed extending vertically from the INL into varying depths of the IPL (Fig. 3P, arrows) . ClC5 antibody also labeled processes in the distal IPL in a broad band extending from 0-25% IPL depth (Fig. 3P, 1 ) as well as three thin bands located at approximately 50% (Fig. 3P, 2) , 60% (Fig. 3P, 3) , and .90% (Fig. 3P, 4 ) IPL depths, with a fifth band at 70% IPL depth discernable in some sections (Fig. 3P, arrowhead) . Finally, many process in the NFL were intensely labeled by the ClC5 antibody (Fig. 3D) .
ClC6
Like ClC3, the labeling intensity of the ClC6 antibody in the retina was much weaker than that of ClC4 and ClC5, though expression was faintly discernable in all of the nuclear and plexiform layers (Fig. 3E) . Interestingly, however, ClC6 antibody labeling was more intense in photoreceptors and in puncta in the OPL (Fig. 3K, arrows) . Furthermore, the photoreceptor labeling was restricted to vertical elements distributed diffusely in the proximal portion of photoreceptor inner segments and the distal portion of the ONL (Fig. 3E, arrowheads) . This labeling was very different in appearance from the labeling of the OLM by the ClC5 antibody (Fig. 3D) . Though the labeling intensity of the ClC6 antibody was weak in the IPL, three faint bands of immunoreactivity could be observed at approximately 20%, 65%, and .90% IPL depth (Fig. 3Q, 1-3) . Panel brightness was enhanced to bring out ClC6 IPL expression (Fig. 3M and N showing no primary and ClC3 labeling were adjusted the same way). ClC6 antibody labeling was not observed in the NFL.
ClC7
ClC7 antibody labeling was strong in most layers of the retina, but the labeling pattern was more punctate than that of the other CLCs (Fig. 3F) . In photoreceptors, ClC7 labeling was distributed in bright puncta in photoreceptor inner segments as well as in vertical elements (Fig. 3F, arrowheads) around the inner segment/ ONL border. However, ClC7 signal was very weak in the rest on the ONL (Fig. 3F) . ClC7 immunoreactivity was strong in the outer and inner INL, but there was a band in roughly the center of the layer nearly devoid of labeling (Fig. 3F, white arrow) . Bright punctate labeling was more or less evenly distributed in the outer INL whereas in the inner INL, ClC7 signal appeared to be particularly concentrated in some triangular cell bodies at the INL/IPL border (Fig. 3F, asterisks) . Some of these triangular cells had puncta of ClC7 labeling in thick processes projecting into the IPL (Fig. 3F, yellow arrows) . ClC7 labeling was observed in most and the IPL. D, ClC5 antibody labeling in nuclear and synaptic layers. Arrow indicates ClC5 expression in the OLM. E, The ClC6 antibody labeled vertical elements in photoreceptors (arrowheads). F, Punctate ClC7 signal in nuclear and synaptic layers. Asterisks and yellow arrows indicate ClC7+ cells at INL/IPL border. White arrow indicates INL band lacking ClC7. G-L, Zoom of CLC antibody labeling in the OPL from the same sections shown in A-F. Images have been individually adjusted to highlight immunoreactive features. ClC5 expression is widespread and diffuse and in scattered processes (arrowheads) whereas ClC6 antibodies label discrete puncta. ClC4 and ClC7 antibody signals are fainter, and ClC3 signal is absent from the OPL. M-R, Zoomed images of anti-CLC labeling in the IPL. Images have been individually adjusted. IPL labeling by ClC3 antibody was minimal. ClC4 antibody labels horizontal processes in outer IPL (arrows) and three distinct bands (1-3). ClC5 is expressed in vertical processes projecting to central IPL (arrows) and four (1-4) to five (arrowhead) bands. Three bands of ClC6 immunoreactivity (1-3) are distinguishable. ClC7 antibody labels one band in outer IPL (1) and one band in inner IPL (2). 3 indicates a thin IPL band lacking ClC7. (Scale bar in A is 50 mm and applies to B-F. Scale bar in G is 5 mm and applies to H-L. Scale bar in M is 50 mm and applies to N-R.) doi:10.1371/journal.pone.0017647.g003 Fig. 3L) . In the IPL, there was a band of ClC7 immunoreactivity at approximately 15% depth (Fig. 3R, 1) and a thicker band between 30% and 90% depth (Fig. 3R, 2) . Visible in some sections, including the one shown in Figure 3 , was a narrow strip within this thicker band lacking ClC7 antibody label at approximately 70% IPL depth (Fig. 3R, 3) . Interestingly, no ClC7-positive band was ever observed near the GCL (.90% IPL depth), a feature shared by ClC4-6. Scattered processes in the NFL were faintly ClC7-positive (Fig. 3F) .
To determine the retinal cell types expressing different CLC transporters, we double labeled retinal tissue with the CLC transporter antibodies and antibodies raised against cell-type specific markers. Due to the low level of ClC3 antibody labeling in the chicken retina (see Fig. 3 ), we focused on characterizing the expression patterns of ClC4-7.
Cell-type specific markers for chicken retina A monoclonal antibody specific for the alpha and beta isoforms of protein kinase C (PKC) has been shown to label two populations of chicken bipolar cells [34, 35] , and our results with this antibody were similar to descriptions of PKC expression in the retina in these studies and in one using a different PKC antibody [36] .
The HPC-1 monoclonal antibody binds syntaxin 1, a protein known to be expressed in amacrine cells and not in ganglion cells or bipolar cells [37, 38] . This antibody has been extensively used as a specific marker for amacrine cells in a number of different species, including the chicken [39] .
Glutamine synthetase (GS) converts ammonia and glutamate into glutamine and is a useful glial cell marker in the central nervous system. In the chicken retina, GS is expressed by Müller glial cells [ Figure 4E , a high magnification image, acquired at a lower gain than the image shown in 4B, shows intensely-labeled, calretinin-positive horizontal cells as well as diffuse immunoreactivity in 2-3 strata of the OPL. Labeling of putative bipolar cells, amacrine cells, and ganglion cells was also similar to that found in these previous investigations, but certain elements in the IPL were less wellresolved, perhaps due to the monoclonal nature of the antibody. ClC4 antibody labeling co-localized with the calretinin signal in horizontal cells (Fig. 4D-F, asterisks) as well as in strongly calretinin-positive cell bodies near the INL/IPL border (Fig. 4A-C, white arrow) and in more weakly immunoreactive cells in the inner half of the INL and in the GCL. Note that ClC4 was expressed in calretinin-negative horizontal cells as well (Fig. 4D-F, white arrow) . The calretinin antibody also labeled processes projecting from the INL to a narrow band of immunoreactivity centered on 55% IPL depth (Fig. 4B, yellow arrowheads) as well as two much fainter, broad bands in the IPL, one centered around 25% and one centered around 90% IPL depth (Fig. 4B,  white arrowheads) . There was some overlap of ClC4 and calretinin expression in the distal and proximal IPL, but not, interestingly, in the middle band (55% IPL depth) of calretinin immunoreactivity, which, in Figure 4B and C is the most clearly resolved calretinin-positive IPL band (yellow arrowheads). Colocalization of ClC4 and calretinin in the OPL was minimal (Fig. 4D-F) . indicate (Fig. 4H) . A few scattered cell bodies close to the INL/ IPL border were also faintly PKC positive, possibly representing PKC-expressing amacrine cells (Fig. 4H, [36] ). In the OPL, two bands of PKC immunoreactivity were observed ( (Fig. 4J-L, white arrows) . In the IPL, ClC4 did not colocalize strongly with PKC in bipolar cell terminals (Fig. 4G-I,  boxes) . However, the two antibodies did appear to overlap in the more weakly PKC-positive IPL bands (Fig. 4G-I, arrowheads) . Taken together, these results suggest that ClC4 is expressed in at least two populations of bipolar cells in the chicken retina as well as in PKC-positive bands in the IPL.
ClC4 is expressed in retinal amacrine cells
The labeling of the proximal half of the INL (closest to the IPL) by the ClC4 antibody (Fig. 3C) suggests that this protein may be expressed in retinal amacrine cells. To examine the expression of ClC4 in amacrine cells, we double-labeled chicken retinal sections with ClC4 antibody and the antibody specific for syntaxin 1 (HPC-1). Figures 5B and 5E (asterisks) show HPC-1 antibody labeling in the cell membranes of cell bodies in the inner half of the INL. There was also extensive labeling throughout the IPL as well as fainter labeling in the OPL in putative horizontal cell terminals [49] . Scattered cell bodies in the GCL, representing displaced amacrine cells, were also labeled (Fig. 5H, asterisk) . All HPC-1 expressing cells in the INL and GCL also appeared to express ClC4, confirming that ClC4 is expressed in retinal amacrine cells (Fig. 5C, F, and I ). (Fig. 5M-R) . ClC4 antibody signal colocalized with that of nNOS in the ONL, putative horizontal cells (Fig. 5M-O, yellow arrows), Müller cells (Fig. 5P-R, arrowheads) , some amacrine cell bodies and processes at the INL/IPL border ( Fig. 5O and R, white asterisk and arrows) and putative efferent target amacrine cells (ETCs, [43] , Fig. 5O, yellow asterisk) . ClC4 and nNOS expression also overlapped in the ClC4 positive band closest to the GCL (Fig. 5M-O, arrowheads) . ClC4 and nNOS were also both expressed in the GCL. Taken together, these results support the possibility of interaction between ClC4 proteins and NO produced in nNOS-expressing cells in the chicken retina.
ClC4 is expressed in glial cells in the chicken retina
ClC4 transporters are present in nNOS-expressing cells in the retina
To examine ClC4 expression in retinal cells containing nNOS, we double-labeled retinal tissue with monoclonal nNOS antibody and ClC4 antibody
ClC5 is expressed in calretinin-positive horizontal cells
To begin to examine ClC5 expression in the outer retina, we double-labeled retinal tissue with ClC5 and calretinin antibodies. All calretinin-positive horizontal cell bodies were also ClC5-positive, and processes in the OPL were labeled by both antibodies, confirming that ClC5 was expressed in most horizontal cells in the chicken retina (Fig. 6A-F) . In addition, images of a retinal cross section labeled with the ClC5 and calretinin antibodies (Fig. 6A-C ) demonstrated co localization of ClC5 and calretinin in cell bodies in the inner half of the INL and in the GCL. INL cell bodies brightly labeled with calretinin antibody were also faintly labeled with ClC5 antibody (Fig. 6A-C, white  arrows) . Calretinin and ClC5 antibodies also overlapped in putative glial cell processes and perikarya in the INL, OPL, and ONL (Fig. 6A-C) . ClC5 antibody labeling co-localized with calretinin expression in the outer and inner calretinin-positive IPL bands (Fig. 6A-C, white arrowheads) , but not as much in the central IPL band (Fig. 6A-C, yellow arrowheads) . However, some individual neuronal processes projecting to the middle of the IPL were labeled with both antibodies (Fig. 6A-C, yellow arrows) . Finally, we observed co-labeling of the two antibodies in many ganglion cell axons as well. (Fig. 6L and R, asterisks) . PKC-positive cell bodies in the inner INL were also labeled with ClC5 antibody, suggesting that amacrine cells that express PKC also express ClC5 (Fig. 6G-I, white arrow) . In single plane images of the OPL (Fig. 6J-L) , the ClC5 antibody signal co-localized with that of PKC in bipolar cell dendrites. ClC5 and PKC antibody labeling also overlapped in Müller cell processes projecting to the OLM (Fig. 6J-L, arrowhead) . In the IPL, in contrast to our ClC4/ PKC co-labeling observations, overlapping ClC5 and PKC antibody labeling was only observed in the immunoreactive band nearest to the GCL (arrowheads). The other PKC-and ClC5-positive bands were intercalated in the IPL, and ClC5 was not present in bipolar cell terminals (Fig. 6G-I, boxes) . 
ClC5 transporters are expressed in retinal amacrine cells
ClC5 transporters are expressed in Mü ller glia
To determine whether ClC5 is expressed in glial cells, glutamine synthetase antibody was used to selectively label Müller cells in chicken retinal cross sections (Fig. 7J-L) . In this section, ClC5 antibody labeling co-localized with that of glutamine synthetase, indicating that ClC5 is expressed in Müller cells (Fig. 7J-L, white  arrows) . ClC5 and glutamine synthetase antibody labeling also strongly overlapped in the OLM (Fig. 7J-L, arrowheads) .
nNOS expressing cells also express ClC5
We 
ClC6 is expressed in photoreceptor terminals
In comparison to other CLC transporters, ClC3 and ClC6 did not appear to be widely expressed in the avian retina (Fig. 3) . ClC3 antibody labeling was uniformly weak in all regions of the chicken retina. However, ClC6 antibody labeling, though low in most parts of the retina, was intense in vertical elements in photoreceptors and somewhat more modestly present in the OPL. To further examine ClC6 expression in the OPL, retinal tissue sections were double labeled with ClC6 antibody and the monoclonal antibody to the synaptic vesicle protein SV2. Figure 8 shows SV2 antibody labeling in the OPL and IPL in cross-sections of retinal tissue. A higher magnification image revealed SV2 antibody labeling in the OPL is restricted to crescent-shaped elements consistent with photoreceptor terminals (Fig. 8E) . Some of these SV2 positive elements overlapped with ClC6 antibody label (Fig. 8F, arrows) , suggesting that ClC6 is expressed in photoreceptor terminals in the chicken retina.
ClC7 is not expressed in calretinin-positive horizontal cells
Images of tissue sections double-labeled with antibodies specific for calretinin and ClC7 show that, unlike ClC4 and ClC5, ClC7 is not expressed in calretinin-positive horizontal cells (Fig. 9D-F,  asterisks) . In addition, there was virtually no labeling of calretininexpressing amacrine cells by the ClC7 antibody (Fig. 9A-C,  arrowheads) . However, calretinin-positive ganglion cells were also ClC7-positive. Finally, the labeling patterns of the two antibodies did not overlap appreciably in Müller cells or in the synaptic layers of the retina.
ClC7 is expressed in PKC-positive bipolar cells at putative membrane locations
To further characterize ClC7 expression in the retina, we next examined ClC7 antibody labeling in bipolar cells labeled with the antibody specific for PKC. In Figures 9P-R , PKC-positive bipolar cells were faintly labeled by ClC7 antibody (asterisk), indicating that at least a subset of bipolar cells in chicken retina expresses ClC7. However, in these cells, ClC7 antibody label was confined to the margins of the cell body, perhaps in close association with the plasma membrane, an observation that differed from the internal cell body expression observed with ClC4 and ClC5. Furthermore, ClC7 antibody did not label PKC-expressing bipolar cell projections to the OPL or PKC-positive puncta in the OPL (Fig. 9J-L) . In the inner retina, ClC7 expression did not overlap with PKC expression in the IPL (Fig. 9G-I ), but ClC7-positive cells in the ganglion cell layer were also labeled by the PKC antibody. (Fig. 10D-F ) and the GCL (Fig. 10G-I ) revealed ClC7 antibody labeling in amacrine cell bodies, confirming ClC7 expression in retinal amacrine cells.
ClC7 is expressed in retinal amacrine cells
ClC7 is not widely expressed in retinal glial cells
Using an antibody specific for GS to selectively label glial cells, we observed some co-localization of ClC7 and GS antibodies in putative Müller cell perikarya in the adult chicken retina (Fig. 10J-L, arrows) , but the ClC7 antibody labeling was very discrete and punctate and could have represented ClC7 expression in closely associated amacrine cells. Furthermore, ClC7 and glutamine synthetase antibody signals did not overlap in glial processes. Thus, ClC7 may be expressed in Müller glia in the chicken retina, but its expression pattern in these cells is much more restricted than that of ClC4 and ClC5.
ClC7 is not widely expressed in nNOS-positive cells in the retina
To examine ClC7 transporter expression in nNOS-expressing cells, retinal tissue sections were double-labeled with antibodies to nNOS and ClC7. Figures 10M-O show that compared to ClC4 and ClC5, co-localization of ClC7 and nNOS was not very striking. This apparent difference was partially due to more restricted ClC7 expression in glial cells and partially due to the more discrete nature of the ClC7 signal. ClC7 antibody sparsely labeled nNOSexpressing photoreceptors, putative ETCs, and cells in the GCL (Fig. 10M-O) . nNOS-positive processes and bands in the IPL were not labeled by ClC7 antibody. The triangle-shaped, strongly ClC7-positive cells at the INL/IPL border were not nNOS-positive.
ClC5 and ClC7 are expressed in cholinergic cells in the retina
We have shown that both ClC5 and ClC7 were expressed in amacrine cells near the INL/IPL border and in displaced amacrine cells in the GCL (Fig. 7A-I, Fig. 10A-I) . We have also shown that both antibodies labeled thin bands in the distal IPL (Fig. 3D and F) . To further examine which types of amacrine cells express ClC5 and ClC7, we double-labeled chicken retinal tissue sections with antibodies to ChAT and the two CLC proteins. In our hands, the polyclonal ChAT antibody gave the expected labeling pattern in the inner retina, with two layers of widely spaced, brightly labeled cell bodies in the inner half of the INL and a layer of cells in the GCL sending projections out to IPL bands at approximately 20% and 65% depth, respectively (Fig. 11B and E) . Because the ClC7 antibodies and the ChAT antibody were all raised in rabbit and because the only commercially available monoclonal ChAT antibody that we were able to find did not label bands in the IPL (Clone 1e6, data not shown), we performed sequential double labeling experiments in which the double labeled tissue was compared to side-by-side single-labeled controls. Figures 11A-C show that all ChAT-positive cells were also ClC5-positive (arrows) and that two of the ClC5 antibody-labeled bands in the IPL overlapped with the two ChAT-positive bands (arrowheads). These results are not surprising given that ClC5 seemed to be present to some degree in virtually all amacrine cells (See Figure 7A-I) . Interestingly, however, ClC7 antibody labeling appeared to be particularly intense in ChAT-positive amacrine cells (arrows, Fig. 11D-F) , suggesting that the protein might have a particular function in these cells. The thin outermost ClC7-positive IPL band was also labeled with ChAT antibody (arrowheads). 
Discussion
Our investigation of CLC transporter expression revealed distinctive differences in the expression pattern of these proteins in the chicken retina (Fig. 12) . Though there is evidence for CNS expression of all five CLC family members examined [15, 17, 20, 28, 50] , this is the first study, to our knowledge, of relative CLC expression by different cell types within a single nervous system tissue.
Retinal expression of ClC3 and ClC6
Our results suggest that ClC3 expression is weak and ClC6 expression is primarily localized to a restricted region of photoreceptors. This was a surprising result because ClC6 is known to be widely expressed in the nervous system [17] and ClC3 is necessary for normal retinal development [19] in mouse retina. In the case of ClC6, existing studies examining CNS expression of this protein did not look at retinal expression explicitly so it is possible that ClC6 distribution in the retina differs from that of other areas of the CNS. ClC3, however, has been shown to be expressed in synaptic layers of the mouse retina [19, 50] in contrast to our finding of low apparent ClC3 expression in chicken retina. It is possible that this difference reflects a true species difference. It is also possible that our ClC3 antibody did not have the same level of affinity for the protein. Arguing against this interpretation, a monoclonal antibody specific for a different region of the ClC3 protein also minimally labeled the chicken retina. Furthermore, this monoclonal antibody was raised against the same region of rat ClC3 as the polyclonal antibody that strongly labeled the synaptic layers of mouse retina in refs.19 and 50. The antigens used to synthesize both ClC3 antibodies were derived from portions of the rat protein sequence that are 100% identical to the predicted chicken amino acid sequence for ClC3.
Diverse CLC expression patterns in photoreceptors
There is a high degree of variability in photoreceptor expression among ClCs 4-7. ClC7 is expressed in photoreceptor inner segments but is virtually absent from the ONL, whereas ClC4 is only expressed in the ONL. ClC5 is expressed throughout photoreceptors. Photoreceptor expression of ClC6 is restricted to synaptic terminals in the OPL and to vertical elements near the OLM. These vertical elements also appear to express ClC7 and could correspond to protein located near or within regions of the cilium and/or the ellipsoid of the photoreceptors. The different anatomical compartments of the vertebrate photoreceptor (outer segment, inner segment, and presynaptic) subserve different cellular functions (phototransduction, metabolism and gene expression, and synaptic transmission). Perhaps the variation in photoreceptor CLC expression is due to the specificity of different CLC transporters for the membranes of particular organelles. However, if that were solely the case, one would expect that ClC4 expression would be more similar to that of ClC5 because both localize to early endosomal compartments. Yet the expression of both ClC6 and ClC7 in vertical elements at the junction between the outer and inner segments may support a specific role for late endosomes and/or lysosomes at that location.
ClC5 expression in the outer limiting membrane
The outer limiting membrane is a specialized retinal structure that serves as a semi-permeable boundary between the ONL and photoreceptor inner segments. It is not a membrane per se, but is composed of close appositions of the apical processes of Müller cells and photoreceptors. These appositions express proteins and structures characteristic of both tight junctions and adherens junctions and are thought to be important for maintaining retinal structure and potentially for regulating diffusion of material into the inner retina [51] . Though Müller cell and ONL expression of both ClC4 and ClC5 was pronounced, only ClC5 was expressed at the OLM. ClC4 and ClC5 are generally targeted to similar subcellular compartments. The presence of ClC5 (and not the closely related ClC4) in the OLM suggests a specific role for this transporter in OLM function.
Retinal ClC7 expression is more restricted than ClC4 and ClC5
Our results show that ClC4 and ClC5 are fairly ubiquitously expressed in the nuclear and plexiform layers of the retina whereas the distribution of ClC7 is much more limited and specific. Calretinin-positive horizontal cells express ClC4 and ClC5, but not ClC7. In the chicken, all horizontal cells express either calretinin or TrkA, with calretinin-expressing cells comprising the majority [33] . We cannot rule out ClC7 expression in TrkApositive horizontal cells because punctate ClC7 antibody label was present in the extreme outer portion of the INL, where horizontal cell bodies are located.
ClC7 expression in bipolar cells was more ambiguous. PKC is expressed by two populations of bipolar cells in the chicken retina [36, 52] . ClC4 and ClC5 were expressed in cell bodies and projections to the OPL from both populations. ClC4 and ClC5 signal in these cells was interior to that of PKC, supporting a cytosolic location for ClC4 and ClC5. Interestingly, though some PKC-expressing bipolar cells appeared to also express low levels of ClC7, the ClC7 antibody labeling co-localized with PKC on the margins of the cell body, consistent with plasma membrane localization. ClC7 expression is generally cytosolic, but there are examples of plasma membrane expression in some specialized cell types, such as osteoclasts [23] .
In Müller cells, though there was some co-labeling by the ClC7 and glutamine synthetase antibodies, we could not discern whether this was due to close apposition of Müller processes to ClC7 puncta in neighboring amacrine cells or to true ClC7 expression in these retinal glial cells. Nonetheless, ClC7 signal was much less co localized with glutamine synthetase in comparison to ClC4 and ClC5, indicating that ClC7 expression by Müller cells, if any, is much less prevalent.
All CLC transporters examined were expressed in the inner third of the INL, consistent with expression by amacrine cells. Further examination of ClC4, 5, and 7 in double labeling 
CLC expression in ganglion cells
The ganglion cell layer is comprised of the cell bodies of ganglion cells and displaced amacrine cells. All CLC transporters examined were expressed in the GCL, and there was no great variation in their expression patterns in these cells. However, due to the persistence of ClC5 antibody signal in the GCL after preincubation with ClC5 peptide, we cannot rule out that some of the ClC5 labeling there is nonspecific. Interestingly, only ClC5 was strongly expressed in the NFL, and ClC5 antibody labeling there did not overlap with that of glutamine synthetase (Fig. 7O) , suggesting that ClC5 is preferentially expressed in ganglion cell axons.
CLC expression in the synaptic layers of the retina transporter is expressed in bipolar cell postsynaptic terminals, but not in calretinin-expressing horizontal cell processes. ClC7 antibody labeling did not co-localize with either PKC or calretinin. ClC6 was moderately expressed in the OPL. The ClC6 signal in this layer showed a high degree of overlap with SV2, a specific marker of photoreceptor terminals. These observations suggest that the role of CLC transporters in signaling in the outer retina is most likely cell-type and transporter specific.
Another key locus for CLC transporter expression diversity in the chicken retina was the inner plexiform layer. All CLC transporters examined, except for ClC3, showed some degree of expression in both the ON and OFF sublamina of the IPL, and these expression patterns are summarized in Figure 12B . All four family members with discernable IPL expression were observed in both the inner and the outer regions of the IPL. ClC5 was the only CLC transporter with banding in the outermost section of the IPL (0-15% IPL depth), whereas ClC4 and ClC7 extended horizontal and vertical processes, respectively, and ClC6 was not expressed at all. In the innermost section of the IPL (90-100% IPL depth), an area thought to be particularly important for rod-driven signaling, antibodies specific for ClC4, 5, and 6 labeled a thin, well-defined PKC, nNOS, and calretinin immunoreactive band that was consistently negative for ClC7. In the central IPL, the expression of the different CLC transporters appeared to overlap to a higher degree. However, double label experiments with different markers revealed some subtle differences in their IPL expression patterns. IPL bands immunoreactive for ClC4 and ClC5 antibodies were also immunoreactive for calretinin, except at one calretininpositive band at the center of the IPL. In contrast, ClC4 antibody co-localized with all PKC-positive IPL bands (but not bipolar cell 
